The sex chromosomes of the tropical crop papaya (Carica papaya) are evolutionarily young and consequently allow for the examination of evolutionary mechanisms that drive early sex chromosome divergence. We conducted a molecular population genetic analysis of four X/Y gene pairs from a collection of 45 wild papaya accessions. These population genetic analyses reveal striking differences in the patterns of polymorphism between the X and Y chromosomes that distinguish them from other sex chromosome systems. In most sex chromosome systems, the Y chromosome displays significantly reduced polymorphism levels, whereas the X chromosome maintains a level of polymorphism that is comparable to autosomal loci. However, the four papaya sex-linked loci that we examined display diversity patterns that are opposite this trend: the papaya X alleles exhibit significantly reduced polymorphism levels, whereas the papaya Y alleles maintain greater than expected levels of diversity. Our analyses suggest that selective sweeps in the regions of the X have contributed to this pattern while also revealing geographically restricted haplogroups on the Y. We discuss the possible role sexual selection and/or genomic conflict have played in shaping the contrasting patterns of polymorphism found for the papaya X and Y chromosomes.
Introduction
Sex chromosomes form the genetic basis of sex determination in organisms from all major eukaryotic lineages. Although sex chromosomes have evolved repeatedly and independently both within and among these lineages, their formation is predicted to share common evolutionary mechanisms due to the common selective pressures of sex maintenance and sexual selection Bachtrog 2006; Bergero and Charlesworth 2009; Charlesworth and Mank 2010; Gschwend et al. 2012) . Sex chromosomes are thought to evolve from autosomes through the emergence of a region of suppressed recombination that contains the sex-determining loci. Examples of sex chromosomes at various stages of their evolution exist across lineages from the relatively old mammalian sex chromosomes ($165 Ma; Veyrunes et al. 2008) to the neo-sex chromosomes of various Drosophila species ($1-10 Ma; Bachtrog and Charlesworth 2002; Carvalho and Clark 2005; Bachtrog 2006 ). Plants, in particular, are excellent models for the study of sex chromosome evolution as representatives of all stages of sex chromosome evolution exist from the established sex chromosomes of older lineages, such as mosses and liverworts, to incipient sex chromosomes found in strawberry and Asparagus (Ming, Wang, et al. 2007; Telgmann-Rauber et al. 2007; Spigler et al. 2008; Ming et al. 2011) .
The sex chromosomes of the tropical fruit species Carica papaya (papaya) represent an early stage of sex chromosome evolution. Papaya is part of the Caricaceae plant family that contains 35 species, 32 of which are dioecious (Van Droogenbroeck et al. 2002) . Papaya, however, is a trioecious species with hermaphroditic individuals in addition to males and females. Though there are three sexes in papaya, hermaphrodites are rare in the wild and strictly dioecious populations predominate; in contrast, cultivar varieties are mainly gynodioecious, consisting of females and hermaphrodites (Manshardt and Zee 1994; Brown et al. 2012) . Papaya has an active-Y sex-determining system; males are heterogametic (XY) and females are homogametic (XX). Hermaphrodites are also heterogametic, possessing an alternative hermaphroditespecific Y chromosome, Y h , that maintains 98% or more sequence identity with homologous male-specific Y loci (Yu, Hou, et al. 2008; Yu, Navajas-Perez, et al. 2008) . It is unknown whether the Y h or Y is the ancestral allele, although they are estimated to have diverged within 0.1 Ma (Wu et al. 2010) .
Sex chromosomes in C. papaya, defined as the chromosomal pair containing the nonrecombining portion of the Y and the homologous X region, are thought to have evolved independently of those in other dioecious members in the Caricaceae (Wu et al. 2010) , and they are estimated to have evolved between 0.5 and 5 Ma (Yu, Hou, et al. 2008; Yu et al. 2009 ). Recombination suppression is limited to an $8.5 Mb region called the male-specific region of the Y (MSY) that spans the centromere on an otherwise normal autosome, and the male Y and hermaphroditic Y h may be considered different alleles of this nonrecombining locus Zhang et al. 2008; Yu et al. 2009; Na et al. 2012) . Though of relatively recent origin, the MSY possesses characteristics of an expanded, though degenerating, Y chromosome; it is inundated with repetitive sequences and duplications and is larger than the corresponding 5.4 Mbp X region (Liu et al. 2004; Yu et al. 2007 , Na et al. 2012 . Furthermore, the MSY is relatively gene poor; of its 96 identified transcriptional units, 72 encode protein-coding genes, of which 50 share a putatively functional X homolog (Wang et al. 2012) . Finally, YY and YY h individuals abort early in embryogenesis, consistent with a loss of function of essential genes on the Y (Ming, Yu, et al. 2007 ). Thus, the papaya sex chromosomes provide an excellent system in which to study the early divergence of X and Y chromosomes, including the initial steps in Y-chromosome degeneration.
Various evolutionary mechanisms are thought to drive the divergence of X and Y chromosomes. First, the effective population sizes (N e ) of X and Y chromosomes are reduced relative to autosomes. This reduction is particularly pronounced for the Y, which has an expected N e one-fourth that of autosomes and one-third that of X chromosomes, making the Y susceptible to Muller's ratchet or mutation accumulation due to drift (Muller 1964) . Recombination suppression on the Y exacerbates this effect, as new deleterious mutations cannot be removed from the chromosome, because the Y is clonally transmitted. Degeneration through Muller's ratchet is suspected to slow the rate of fixation of advantageous alleles on the Y as well (Bachtrog and Gordo 2004) .
In addition, the lack of recombination between the X and Y increases the effects of positive and purifying selection on linked neutral or slightly deleterious polymorphism, which could further lead to the fixation of loss-of-function mutations on the Y (Bachtrog 2006) . Both of these selective processes lead to a reduction in Y-linked polymorphisma characteristic that has been reported for young and/or neo-Y chromosomes in other organisms (Filatov et al. 2000; Bachtrog and Charlesworth 2002; Bachtrog 2004; Laporte et al. 2005) . The relative contribution of Muller's ratchet and selection in driving Y-degeneration, however, is expected to vary with the density of functional genes on the Y (Bachtrog 2008 ). Muller's ratchet and/or background selection are expected to dominate early in the evolution of the Y when there are more potential targets of purifying selection, whereas positive selection in the form of selective sweeps predominates during the later stages of Y chromosome evolution when there are fewer functional Y-linked genes (Bachtrog 2008) .
The young sex chromosomes in papaya, therefore, present an opportunity to test theoretical predictions regarding the evolutionary mechanisms that drive X and Y divergence following their formation. Furthermore, whereas the papaya X and Y share common features with other sex chromosomes, such as the hallmark of suppressed recombination, they are unique in that the MSY is confined to a relatively small chromosomal region that spans the centromere-a region that normally exhibits reductions in both recombination, and gene density relative to the rest of the genome . For example, the X, being in a region of reduced recombination, might be more susceptible to hitchhiking effects, similar to what is found for Y chromosomes in other systems, whereas the Y might be subject to those evolutionary mechanisms, such as selective sweeps, that are predicted to affect older, more gene poor Y chromosomes (Filatov et al. 2000; Bachtrog 2004 ). Thus, we might expect to find that the evolutionary patterns we observe on the papaya X and Y differ from other systems of similar evolutionary age or those in which recombination is suppressed across the majority of the chromosome.
We analyzed the levels and patterns of nucleotide polymorphism and divergence in four sex-linked genes that span the MSY in order to assess the evolutionary mechanisms driving the divergence across the papaya X and Y chromosomal regions. We used molecular population genetic analyses to test whether selection might be differentially acting on X and Y loci relative to autosomal genes. We expected that nucleotide diversity would be much lower on the Y than the X due to their differences in N e , but also possibly due to selection as has been observed in other X/Y systems (Filatov et al. 2000; Bachtrog and Charlesworth 2002; Bachtrog 2004; Laporte et al. 2005) . However, our polymorphism data from natural papaya populations show that the Y chromosome has greater diversity than expected given its relative N e in the population, whereas diversity on the X is significantly reduced, a pattern unique to papaya. Here, we describe the evidence that positive selection may be acting upon X-linked loci, whereas a different selective mechanism has led to elevated polymorphism on the Y. We then discuss possible hypotheses that might explain these patterns, including positive selection for male reproductive genes on the X and/or selective maintenance of polymorphism on the Y.
Materials and Methods

Plant Material
Young leaf tissue was collected from 45 papaya plants from natural populations located in five regions of Costa Rica: Caribbean coast, Northwest (NW) Pacific coast, Nicoya Peninsula, Central Pacific coast, and Southwest (SW) Pacific coast (supplementary table S1 and supplementary fig. S1 , Supplementary Material online; also see Brown et al. 2012) . These populations are predominantly dioecious, consisting mainly of males and females with hermaphrodites absent or rare (supplementary table S1, Supplementary Material online); thus, these populations are predominately to exclusively outcrossing. The frequency of males in these populations varies from 45% males in the Central Pacific, 50% in the Caribbean, 51% in the NW Pacific, 52% in SW Pacific, and 64% in the Nicoya population. These populations represent the southern range of C. papaya, which is the native to Mesoamerica and can be found growing in the wild as far north as southern Mexico (Storey 1976) . Samples were dried on silica gel in the field and then stored at À80 C. The accessions were male with the exception of four hermaphrodites. One female accession was used to validate X versus Y allele amplification and X sequencing, but the female was not used in nucleotide polymorphism analysis. Males and hermaphrodites were used for analysis because individuals have both X and Y alleles, and thus the same set of accessions could be used for all sex-linked polymorphism analyses. Leaf samples from six individuals of the sister taxon Jacaratia dolichaula were also collected from a natural population at La Selva Biological Research Station in Costa Rica. Although dioecious, J. dolichaula does not have documented sex chromosomes, and we found no evidence of highly divergent alleles at focal sex-linked loci to suggest conservation of the MSY between these two species, making it an appropriate outgroup for X/Y comparisons in C. papaya. Leaf tissue was collected with permission from the Costa Rican Ministerio del Ambiente y Energía (permit #1-0416-0941).
Selection of Focal Loci
Our evolutionary analysis of the papaya sex chromosomes focuses on four MSY loci and their corresponding X-linked alleles that serve as representative loci for evaluating patterns of polymorphism and divergence across the MSY and X (supplementary table S2, Supplementary Material online). Population polymorphism data have not been collected for any C. papaya loci, though three of these loci were the targets of previous analyses on the molecular divergence of X and Y chromosomes within papaya and among different Caricaceae species: gene IDs 2, 4, and 5 (Yu, Hou, et al. 2008; Wu et al. 2010) . We renamed these arbitrarily named loci according to their putative homologs in Arabidopsis (both Arabidopsis and C. papaya are in the order Brassicales), prefacing the gene name with the species designation for papaya (i.e., Cp) and indicating the specific X or Y allele: CpDRT101X/Y (DNA DAMAGE-REPAIR/TOLERATION 101, previously ID2), CpSEC6X/Y (previously ID 4), CpSERK1X/Y (SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE 1, previously ID5). We also selected a previously unstudied locus, CpMDAR4X/Y (MONODEHYDROASCORBATE REDUCTASE 4), in order to provide a wider representation of the MSY region. We had no a priori reason to believe that these loci are targets of selection. Rather, these loci were selected to sample diversity across the sex chromosomes as these loci are broadly distributed across the $8.5 Mb MSY and corresponding $5.4 Mb X, although the chromosomal order differs between the X and Y alleles due to chromosomal rearrangements ( fig. 1 ). CpSEC6X/ Y and CpSERK1X/Y are found on the same X-or Y-specific BAC clone and are separated by $37 kb ( fig. 1 and supplementary table S2, Supplementary Material online). We also included four autosomal loci: CpXUP (XANTHINE/URACIL PERMEASE), CpXB3 (previously referred to as ANKYRIN in Wu et al. 2010) , CpSIG5 (SIGMA FACTOR 5), and CpLUC7 (LETHAL UNLESS CAP BINDING COMPLEX FORMS 7) in our analyses to serve as genomic comparisons for our sex chromosome-linked loci (supplementary table S2, Supplementary Material online). CpXB3 was included as it was the autosomal comparison for previous studies (Wu et al. 2010) , whereas the remaining three were chosen randomly from EST sequences. These autosomal genes are dispersed across papaya linkage groups (LGs) of the papaya genetic map (Yu et al. 2009 ), being located on LG6 (CpXUP), LG8 (CpSIG5, CpLUC7), and LG12 (CpXB3), whereas the MSY is located on LG1.
Amplification and Sequencing of Focal Loci
Genomic DNA was isolated from leaf tissue using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA). Primers were designed using Primer 3 Plus (Untergasser et al. 2007 ; supplementary table S3, Supplementary Material online). Coding sequences of sex-linked and autosomal loci were determined from sequenced ESTs. Primers were placed in exon regions to increase the probability of success in amplifying homologous regions in J. dolichaula but were generally designed to capture intron sequence for tests of neutrality. In addition, primers were designed specific to X-and Y-linked alleles in order to allow differential amplification in males. Amplified gene regions were $900-4,500 bp long with gene regions longer than 2,500 bp being divided into smaller blocks for amplification (e.g., CpSEC6X/Y; supplementary tables S2 and S3, Supplementary Material online). PCR was performed using GoTaq colorless master mix (Promega, Madison, WI), and the product was cleaned using the QIAquick PCR purification kit or the QIAquick gel extraction kit (Qiagen). Purified PCR FIG. 1. Approximate locations of and distances between the sex-linked loci used in this study. Relative locations (depicted by black bars) and distances (indicated by kilobyte value on region) were estimated on the MSY and the corresponding portion of the X using physical map data from BAC clones covering the regions. Dashed lines indicate the boundaries of the pseudoautosomal regions (PAR; i.e., recombining regions) of the sex chromosomes. Note that the MSY region is larger ($8 Mb) than the corresponding X-specific region ($5 Mb). The order of loci is different due to inversions on the MSY. CpSEC6X/Y and CpSERK1X/Y genes are located on the same BAC clones and are $37 kb apart.
products were then used directly in cycle sequencing with BigDye Terminator v3.1 (Applied Biosystems, Foster City, CA) on an 3130xl or 3730 Genetic Analyzer (Applied Biosystems). Sequences were assembled and aligned using BioLign and BioEdit software (Hall 1999) . Internal primers were designed to sequence both strands to ensure sequence accuracy. Polymorphic sites were visually confirmed using the original chromatogram file, and ambiguous polymorphisms were resequenced. Indel polymorphisms at heterozygous autosomal loci were sequenced from both ends in order to obtain the sequence flanking the indel. For singleton polymorphisms, the gene was re-amplified in that accession and this new PCR product was sequenced to confirm the existence of the polymorphism. Final sequence alignments may be obtained from GenBank (accession no. JX418367-JX419377).
Molecular Evolution and Population Genetic Analyses
Nucleotide diversity and divergence were estimated at silent sites (introns and synonymous sites) using DnaSP v5 (Librado and Rozas 2009) . Gaps or ambiguous base pair in the alignment were not included in data analysis, except for one 50 bp indel polymorphism found in CpDRT101Y. All autosomal loci were phased through DnaSP to discern segregating allelic combinations (haplotypes) among heterozygous individuals, and these phased alignments were used for all evolutionary analyses (sex-linked loci were not phased, because the haplotype, X or Y, of a sex-linked locus in a male or hermaphrodite is already known).
We calculated two estimates of the population mutation parameter theta ( = 4N e ): p, the pairwise nucleotide diversity (Tajima 1989) , and Watterson's estimator, y w , which is based on the number of segregating sites (Watterson 1975) . The ratio of X or Y diversity estimates to autosomal diversity was calculated for each pair of X, Y, and autosomal loci. The average pairwise ratio was then compared to the neutral expectation using a single sample t-test in order to determine whether these ratios varied significantly from neutral expectations. The ratio of the male to female mutation rate was calculated according to the formula Y / X = 2(K silY / K silX )/[3À(K silY /K silX )], where K sil is the nucleotide divergence at silent sites (Lynch 2007) .
Individual and compound tests of selection based on site or haplotype frequency spectra were performed using software described in . As also described in , standard coalescence simulations without recombination were used to determine the significance of Tajima's D (Tajima 1989) , Fay and Wu's H (Fay and Wu 2000) , and the compound DH and DHEW tests , and significance of the Ewen's Watternson (EW) test was determined using Slatkin's algorithm to obtain a null distribution of the EW test for all possible haplotype frequency configurations for a given number of haplotypes (Slatkin 1994) .
The maximum likelihood Hudson, Kreitman, and Aguade (MLHKA) test was used to compare polymorphism to divergence at sex-linked and autosomal loci (Wright and Charlesworth 2004 ). The MLHKA improves upon the standard HKA by comparing multiple loci in a maximum likelihood framework and estimating the selection parameter k, which measures the excess or deficiency of polymorphism relative to neutral expectations (Wright and Charlesworth 2004) . We compared various models of selection at individual or multiple X-and multiple Y-linked loci to a neutral model where all loci were considered neutrally evolving (k = 1). We used a starting value of 100 for T (divergence time of the two species in 2N e generations) and a Markov chain length of 100,000. The four autosomal reference loci were defined as neutrally evolving (k = 1, where k is the selection parameter; Wright and Charlesworth 2004 ) for all MLHKA models tested.
Haplotype networks were assembled using statistical parsimony as implemented in the TCS program (Clement et al. 2000) . There are no shared polymorphic sites between X-and Y-linked alleles. They are separated by 48 (CpMDAR4X/Y), 73 (CpDRT101X/Y), 59 (CpSEC6X/Y), and 41 (CpSERK1X/Y) mutational steps and are not joined in the same network in TCS using a 95% connection limit. Linkage disequilibrium (LD) based on parsimony-informative sites was analyzed in DnaSP v5 using a concatenated sequence file.
Results
X and Y Nucleotide Diversity Departs from Neutral Expectations
We analyzed the levels and patterns of silent site nucleotide polymorphism and divergence of 0.9-4.5 kb regions of the X-and Y-linked alleles of our focal sex-linked and autosomal loci (table 1). The average p at autosomal loci is 0.00093 ± 0.00033 (SE), whereas p values for X-and MSYlinked loci are lower, with an average of 0.00024 ± 0.00010 for X loci and 0.00063 ± 0.00013 for Y loci. Similarly, w is higher for autosomal loci than sex-linked loci; the average w values are 0.00074 ± 0.00014 for autosomal loci, 0.00061 ± 0.00027 for X loci, and 0.00056 ± 0.00011 for Y loci (table 1) . CpSEC6X has a w that is 3-to 6-fold higher than other X loci ( w = 0.0014) in part due to one individual with a divergent allele. The CpSEC6X allele for individual Cp15 (from the Caribbean coast population) contains 20 mutations unique to this individual; removing this individual from the analysis reduces w for CpSEC6X to 0.00028, on par with other X loci. This divergent allele does not appear to represent a divergent paralogous locus; a BLAST comparison of this divergent X allele against currently deposited papaya genomic sequence in GenBank detects one CpSEC6X locus (Evalue = 0.0), though this single locus is found on two identical and overlapping X-linked BAC clones, 10G24 (GenBank accession no. EU369760.1) and 61H2 (GenBank accession no. EF661023.1).
The neutral expectation of nucleotide diversity for sexlinked loci is three-fourths that of autosomes for X-linked loci (X:A = 0.75) and one-fourth that of autosomes for Y-linked loci (Y:A = 0.25) given the reduced N e of sex chromosomes relative to autosomes. However, the average pairwise X:A ratios for papaya are 0.38 ± 0.03 (SE) for p (P < 0.001) and 0.92 ± 0.013 for w (P < 0.005; supplementary tables S4 and S5, Supplementary Material online). In this case, X:A diversity ratios based on p and w give contrasting results; the X:A ratio based on p is lower than the neutral expectation, whereas that based on w is greater than expected. However, if we remove the divergent CpSEC6X allele from our analysis, the average pairwise X:A ratio based on w is likewise significantly lower than neutral expectation (0.50 ± 0.013) as w is based on the number of segregating sites. In contrast, the average Y:A ratios based on both p and w are greater than expected at 1.01 ± 0.05 and 0.84 ± 0.03, respectively (P < 0.001; supplementary tables S4 and S5, Supplementary Material online). Similarly, the average Y:X ratio, with a neutral expectation of 0.33, is exaggerated for MSY loci at 5.5 ± 0.3, based on p, and 1.4 ± 0.06, based on w (P < 0.001; supplementary tables S4 and S5, Supplementary Material online). In some systems, mutation rates in females and males are suspected to be different because of the number of divisions that cells undergo during meiosis, and this difference in mutation accumulation could also lead to different diversity patterns. However, for papaya, the ratio of male to female mutation rate of these loci ranges from 0.9 to 1.1 depending on the locus, suggesting that a difference in the mutation rates are not the cause of these different diversity patterns. Instead, these differences are likely to be differential evolutionary and/or demographic forces decreasing N e at X-linked loci and increasing N e at Y-linked loci.
Average autosomal diversity (p sil or sil ) does not vary across the five geographic regions sampled (ANOVA; supplementary fig. S2 , Supplementary Material online). X-linked diversity varies significantly among regions (ANOVA, P < 0.05), being higher in the Caribbean region (post hoc Student's t-test), though this trend is not significant if the divergent Cp15 individual is removed from the analysis (supplementary fig. S2, Supplementary Material online) . Y-linked diversity also varies significantly among regions (ANOVA, P < 0.05), though for the Y, the NW Pacific and Nicoya fig. S2 , Supplementary Material online).
Evidence of Selective Sweeps on the X We used several tests of neutrality to assess whether natural selection has altered N e at our focal loci (table 2). Our tests are based on the analysis of silent site polymorphism as a measure of the potential effects of selection on linked neutral polymorphism, and therefore the analyzed regions were primarily intronic and contained little or noncoding polymorphism (supplementary table S6, Supplementary Material online). Individually, tests based on the site frequency spectrum gave inconsistent results. All the four X-linked loci have negative Tajima's D values, consistent with an excess of rare alleles, though only the D for CpSEC6X is significant based on coalescent simulations. Tajima's D values at autosomal and Ylinked loci do not vary significantly from neutral expectations, tending to be either near zero or slightly positive. Three of our four X loci (CpDRT101X, CpSEC6X, and CpSERK1X) have significantly negative H values, consistent with an excess of high frequency-derived alleles, which is one signature of a selective sweep. However, we also found significant H values for one Y locus, CpDRT101X, and two autosomal loci, CpXUP and CpLUC7. In contrast to these results, the EW test, based on the haplotype frequency spectrum, is not significant (P < 0.05) for any of the loci.
It is difficult to interpret which loci exhibit polymorphism patterns consistent with the selection based on the mixed results of the individual tests alone. The compound tests of selection, DH and DHEW, combine individual tests of selection in such a way that removes their individual, but mutually exclusive, sensitivities to past demographic processes such as population expansion or bottlenecks as well as other selective processes, including background selection (Zeng et al. 2007a ). The result is that these compound tests are thus more reliable and robust indicators of positive selection. Three of the X-linked loci, CpDRT101X, CpSEC6X, and CpSERK1X, have significant DH and DHEW test statistics (P < 0.01; table 2). The fourth X-linked locus, CpMDAR4X, is not significant, but this locus has the lowest diversity within the X loci examined. These patterns suggest that the reduced N e of X-linked loci are due to positive selection acting on these loci or linked loci.
Sex-linked Loci Have Skewed Polymorphism Levels Relative to Divergence
In order to further assess whether altered N e of X-and Y-linked loci are due to selection and not due to differences in the underlying mutation rate, we performed the MLHKA test (Wright and Charlesworth 2004) . A model in which the Y-linked loci CpSEC6Y and CpSERK1Y are subject to selection is significant when compared to the neutral model (P = 0.04), and a model in which the X locus CpSERK1X is selected is marginally significant (P = 0.06; supplementary table S7, Supplementary Material online). A model in which all three of these loci are under selection is likewise marginally 
Geographically Restricted Haplogroups Are Found on the Y Chromosome
Because the Y-linked diversity varies strikingly among regions, we constructed haplotype networks based on statistical parsimony for our focal loci in order to visualize polymorphism structure on the Y and compared this to polymorphism structure for X and autosomal loci ( fig. 2 and supplementary  fig. S3 , Supplementary Material online). We identified three major haplogroups consisting of the same individuals across all Y-linked loci (haplogroups A-C; fig. 2 ) but not X-linked or autosomal loci. Y haplogroups A and B consist of 8 and 9 individuals each, and these haplogroups are geographically restricted to the Central Pacific, SW Pacific, and Caribbean populations ( fig. 4A ). Haplogroup C is more common, consisting of 28 individuals and represented in all regional populations ( fig. 4A ). The polymorphism structure within haplogroups varies slightly among loci as CpMDAR4Y has only haplogroup A and a single haplotype consisting of individuals found in haplogroups B and C. These haplogroups are shared among our loci that span an $6.6 Mb region of the Y chromosome; accordingly, statistically significant LD exists among sites across all Y-linked loci ( fig. 3B ). This is consistent with the suppression of recombination that defines the MSY on the Y chromosome. Interestingly, there is a positive, though nonsignificant, correlation between the frequency of haplogroup C in a population and the frequency of males in that population ( fig. 4B ).
In contrast to the Y loci, there is a lack of consistent polymorphism structure at X-linked and autosomal loci ( fig. 2 and  supplementary fig. S3 , Supplementary Material online). CpMDAR4X and CpSERK1X haplotype networks consist of one major haplotype with one to two minor haplotypes comprising single individuals, whereas networks at CpDRT101X and CpSEC6X are more structurally diverse, each with two major haplotypes of 8-32 individuals and three minor haplotypes of 1-3 individuals. The major X haplotypes are dispersed across all regional populations sampled. As expected from the diversity analyses, the Caribbean hermaphroditic individual, Cp15, is distinguished as a minor haplotype in all of the networks, most strikingly in CpSEC6X, where it represents a noticeably divergent allele. If a selective sweep has indeed occurred on the papaya X as these analyses suggest, it is possible that selfing in the hermaphroditic Cp15 has isolated this individual from the effects of the sweep; alternatively, the widespread signal of the sweep on the X may indicate a relatively recent, though, incomplete sweep. LD is lacking among the physically distant X-linked loci CpDRT101X and CpSEC6X/CpSERK1X ($2.6 Mb distant) consistent with the variation in polymorphism structure among these loci, although LD is maintained between CpSEC6X and CpSERK1X ($37 kb distant; fig 3A) . NOTE.-n, number of alleles; S, number of segregating sites.
a P-value estimated on coalescent simulations. *P < 0.05, **P < 0.01. Significant LD among sites is indicated by shading (P < 0.001, dark gray; P < 0.01, medium gray; P < 0.05, light gray).
FIG. 2. Haplotype networks of MSY
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Discussion
Contrasting Patterns of Diversity Distinguish the C. papaya Sex Chromosomes from Other Sex Chromosome Systems
Genetic diversity on the Y chromosome is predicted to be one-third that of the diversity of the X chromosome due to the differences in effective population size. Although this precise ratio is rarely observed for any organism, Y chromosomes tend to have substantially less diversity than the X (the ratio of average Y:X diversity ratios range from 0.013 to 0.511; table 3). Unexpectedly, we find the opposite trend for X-and Y-linked alleles of C. papaya. Depending on our method of diversity estimation, we find the C. papaya Y has 1.4-to 5-fold greater diversity than the X. Furthermore, diversity on the sex chromosomes relative to autosomes is skewed for both the X and Y chromosomes; we find one of the lowest X:A ratios and highest Y:A ratios reported (table 3) . We considered the possibility that we had the chromosomal identities of the X and Y reversed given that these results conflict with most studies of sex chromosome polymorphism; however, sequencing of X-linked loci in a female accession confirmed that we had identified the correct chromosomal origins of these alleles. Neither do these results appear to be due to differences in the underlying mutation rate at X and Y loci as shown by the analyses in this study-the male and female mutation rates are approximately equal. Instead, these results are consistent with divergent evolutionary histories at C. papaya sex-linked loci in which the effective population size is reduced on the X and elevated on the Y relative to neutral expectations to degrees that have not been reported in other sex chromosome systems (reviewed in Lynch 2007) . Whereas other organisms have distinct loci that may display these unexpected patterns (as discussed below), the widespread pattern (Bachtrog 2004; Bachtrog et al. 2009; Haddrill et al. 2010) a Papaya values are the ratios of the average p sil of autosomal, X-, and Y-linked p values. Ratio of neo-X diversity to autosomal (Bachtrog et al. 2009 ).
of nucleotide diversity that extends across the entire nonrecombining region is unique to C. papaya. This unique mode of X/Y evolution may give insight into general patterns of early sex chromosome evolution, where both the X and Y chromosomes have an active role in divergence.
Evidence of a Selective Sweep on the X Significant DH, DHEW, and MLHKA results for several Xlinked loci suggest that positive selection, and not background selection or demographic processes, is driving the reduction of the effective population size at several of our focal X-linked loci (Wright and Charlesworth, 2004; Zeng, Mano, et al. 2007 ). There are several examples of positive selection acting on isolated X-linked loci from other organisms. For example, selective sweeps are thought to have occurred near one of the breakpoints on the arm of the neo-X in Drosophila americana, and analysis of 40 genes in Drosophila simulans also found significantly reduced variation as compared to autosomal loci, presumably due to increased hitchhiking effects on the X caused by positive selection (Begun and Whitley 2000; Evans et al. 2007) . A study of Drosophila miranda compared ancient X sequence to neo-X sequence and found that 10-15% of the neo-X genes have experienced recent adaptive evolution, whereas only 1-3% of the ancestral genes have experienced adaptive evolution. Similar phenomena are found for young sex chromosomes in plants. The SlssX gene in Silene latifolia exhibits extreme levels of rare and derived polymorphisms (D À2.07, H À10.91) consistent with a selective sweep and presumably a compensatory evolutionary response to a loss of function at the corresponding Y allele (Filatov 2008) . Bachtrog et al. (2009) suggest that there may be many episodes of adaptive fixations that occur on recently evolved X chromosomes in contrast to the data from most established sex chromosome systems. Multiple adaptive fixations could explain the unique widespread signature of positive selection that seems to be occurring on the young papaya X chromosome as it adaptively responds to a degenerating Y partner through dosage and/or functional compensation. Furthermore, because the papaya X region is pericentromeric, the effects of selective sweeps on linked neutral variation will predictably be extended due to the reduced recombination rate in this region (Nielsen 2005) . Although the pericentromeric nature of the papaya X may augment detection of the signature of selective sweeps, it also makes it more difficult to identify specific targets of selection. Because the data collected from the four X/Y loci used in this study were intended to characterize evolutionary trends across these genomic regions, we cannot distinguish whether any of these four representative loci are actually the causal locus under selection. However, it is intriguing that two of our loci that exhibit signatures of a selective sweep, CpSEC6X and CpSERK1X, are similar to genes in Arabidopsis associated with the production and development of pollen and/or pollen tube, although both are expressed broadly and have other functions that are not specific to the development of male gametes (supplementary table S2, Supplementary Material online). In other organisms, male reproductive genes may exhibit positive selection signatures as a result of sexual selection due to male-male competition and/or sexual antagonism (reviewed in Ellegren and Parsch 2007) . It is possible that beneficial X-linked alleles of male reproductive genes in C. papaya could be positively selected for on the X, as this allele will be expressed in hemizygous males and hermaphrodites regardless of the allele's recessive or dominant state in females. Indeed, the first pair of sex-linked homologs in plants to be identified was a male-specific gene in Silene, MROS3, coded for on the X (Guttman and Charlesworth 1998) . Although expression of this Silene gene only occurs in the male tissue, the Y copy has degraded, creating strong but localized selection to preserve its function on the X chromosome. Neither X nor Y alleles of CpSEC6 and CpSERK1 in papaya harbor any obvious loss-of-function mutations, suggesting that selection for compensatory function of X alleles is not occurring; however, more detailed expression and functional analyses of X-and Y-specific alleles are needed to fully understand the relationship between reproductive function and sex linkage in C. papaya. In contrast, the CpMDAR4Y allele possesses a premature stop codon due to a frameshift mutation, potentially rendering it functionless. Although we did not observe a significant DH or DHEW result for the CpMDAR4X allele, it does have the lowest diversity of all the X-linked alleles. Selection that has acted at or near this X locus may be undetectable due to the reduced power of these tests to detect selection at a locus with so little polymorphism. With knowledge of these initial data, suggesting that one or more selective sweeps have occurred on the papaya X chromosome, future studies may incorporate additional loci and comparisons of coding regions to identify a likely candidate locus or loci under selection that have created these patterns of reduced polymorphism at linked loci across the X chromosome.
Elevated Polymorphism on the Papaya MSY
The patterns and levels of Y-linked polymorphism on the papaya MSY support a role of deterministic forces acting on the Y chromosome; although the nature of these forces may differ among regional populations (supplementary fig.  S2 , Supplementary Material online). When assessing the sampled populations as a whole, we find significantly elevated levels of polymorphism for MSY loci in contrast to the reduction in Y-linked polymorphism sometimes observed in neo-Y and other young Y chromosomes (Filatov et al. 2000; Bachtrog and Charlesworth 2002; Bachtrog 2004; Laporte et al. 2005; Qiu et al 2010) . Although the MLHKA analysis supports balancing selection maintaining polymorphism on the Y, tests based on site frequency spectrum (e.g., Tajima's D) are inconsistent with this hypothesis (table 2) .
A comparison of nucleotide diversity for Y chromosomes suggests the nature of the selective forces affecting the Y that may differ among regions (supplementary fig. S2 , Supplementary Material online). Average Y-linked polymorphism in the NW Pacific and Nicoya populations is significantly reduced relative to that in other Costa Rica regions where average polymorphism is on par with that for autosomal loci. This pattern is unique to the Y chromosome, as autosomal and X-linked diversity (without the divergent Cp15 allele) do not significantly vary among regions (supplementary fig. S2 , Supplementary Material online). This pattern is reminiscent of findings for Y-linked loci in S. latifolia, where reduced gene flow for Y versus X chromosomes may suppress species-wide fixation of Y haplotypes and deterministic forces act locally to reduce Y polymorphism in geographically restricted populations (Ironside and Filotov, 2005; Muir et al. 2011 ). Localized differences in patterns of Y-linked diversity among Costa Rican papaya populations may in part reflect differences in the migration rate between pollen and seeds (Laporte and Charlesworth 2002) . However, at least one Y haplotype C is distributed across the entire sampled geographic range, whereas the minor haplogroups A and B are distributed roughly equally in the Central/SW Pacific and Caribbean coasts, two regions that are separated by a mountain range, distributions inconsistent with scenarios of limited pollen (Y chromosome) dispersal.
Alternatively, selective forces may vary among regions. For example, the elevated Y-linked polymorphism may reflect polymorphism for Y-linked suppressors of X chromosome meiotic drive where X alleles generate biased representation in the population of gametes and that has been documented within populations of various Drosophila species (Carvalho et al. 1997; Jaenike 1999; Montchamp-Moreau et al. 2001) , as well in natural populations of S. latifolia (Taylor 1994a (Taylor ,1994b Taylor 1999) . Hall (2004) describes a model of evolution for sex-linked meiotic drive where X drivers and Y suppressors cycle with non-driver X and non-suppressor Y chromosomes as the evolutionary advantage shifts between creating or preventing transmission advantage among alleles. When X drivers are strong and have a strong dominance effect, an unstable equilibrium is favored and there can be points in the cycle where the X driver is at or near fixation whereas the Y is polymorphic for the suppressor (Hall 2004) . Although the frequent turnover of alleles in a population makes it difficult to predict the expected patterns of polymorphism from selfish genetic elements, it is possible that a hypothetical X driver is at or near fixation in the larger Costa Rican papaya population, consistent with the low X diversity across all regions, whereas the Y suppressor is at various frequencies in the different regional populations, being at or near fixation in NW Pacific and Nicoya populations and polymorphic in other regions. Because X-linked meiotic drive results in a female bias, Y suppressors corresponding to the C. papaya haplogroups may also explain the positive, though nonsignificant, correlation between the percentage of males in a population and the frequency of the most widely spread Y haplogroup C, which is fixed in the highly male-biased population of the Nicoya region ( fig. 4B ). However, a more thorough study of sex ratio and sex-linked polymorphism both within Costa Rica and the broader, native range of papaya, which primarily extends north through Southern Mexico, is needed to sufficiently test this possible hypothesis.
Conclusions
Papaya sex chromosomes are evolutionarily young, and studying their diversity reveals how sex chromosomes may diverge in a variety of different organisms. The sex-linked loci in papaya that are the focus of this study display contrasting patterns of evolution. Selective sweeps on the X chromosome and elevated Y-linked polymorphism have been observed in other systems. Indeed, X-linked sweeps may represent common signatures of early sex chromosome evolution due to sexual selection or selection for compensatory X-linked alleles for degenerating Y-linked loci. However, as we explain in the discussion, we feel that the restricted size and pericentromeric location of the MSY and corresponding X, a pattern that is unique to papaya, contribute to the widespread patterns of selective sweeps on the papaya X, whereas deterministic forces (e.g., balancing selection or meiotic drive) may act locally to affect the evolution of the papaya Y chromosome. This study of C. papaya reveals the dynamic evolution of young sex chromosomes with the active involvement of both the X and Y chromosomes. Further research into both the function and evolution of MSY genes will help to resolve what evolutionary mechanisms are driving the divergence of the papaya sex chromosomes. In particular, molecular evolutionary analysis of polymorphism and divergence at nonsynonymous relative to synonymous sites might clarify whether our focal loci have the signature of adaptive evolution or, alternatively, whether they are hitchhiking to as yet unidentified sex-linked genes. This knowledge will ultimately enhance the understanding of sex chromosome formation in all species by providing us with an example of the early dynamics possible in sex chromosome evolution.
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